An increased fatigability associated with anterior cruciate ligament (ACL) injury may persist several months after surgery. The purpose of this study was to investigate the behavior of muscle fiber conduction velocity (CV) as a descriptor of myoelectric fatigue, at different stages after rehabilitation, post-ACL reconstruction. Nineteen subjects acted as control group (CG), 10 patients had undergone surgery within 12 months (R12), and 23 patients were more than 24 months post-surgery (R24+). Surface electromyography (EMG) signals were detected from the quadriceps femoris using bidimensional arrays during isometric contractions at 20% and 60% maximal voluntary contraction (MVC). We observed a lower fatigability in the R24+ group during the 60% MVC contraction, with respect to the other groups. Lower fatigability of quadriceps muscle after ACL reconstruction in the long term may be linked to a recovery from a transitory altered motor unit recruitment strategy due to surgery, observed in the R12 group. Therefore, the findings of this study do not suggest an impaired fatigability of the quadriceps muscle during sustained isometric contractions in active patients in the long term.
Introduction
Anterior cruciate ligament reconstruction (ACLr) is known to induce neuromuscular alterations of the quadriceps leading to substantial muscle weakness [1] , deficits in muscle voluntary activation [2] , and atrophy [3] . In addition to a history of ACLr, fatigue can also induce changes in the neuromuscular control of the quadriceps. In fact, fatigue associated with ACL injury, may reduce the ability of the muscle to generate strength and may induce changes in lower extremity biomechanics and deficits in postural control, increasing the risk of repeated ACL injury [4] [5] [6] [7] . Furthermore, patients who have undergone ACLr, even after rehabilitation, tend to exhibit a deficit in strength and neuromuscular control [8] [9] [10] [11] .
Combined central and peripheral processes contribute to neuromuscular fatigue. Central fatigue can originate from any structure above the neuromuscular junction from the central nervous system to the peripheral nerves, resulting in a progressive reduction in voluntary activation. Peripheral fatigue reflects local changes in the muscle and hampers the execution of descending central commands [12] .
Continuous monitoring of muscle fatigue during a task is possible by measuring its myoelectric activity by surface electromyography (sEMG). Biochemical and physiological changes in muscles during fatiguing contractions are, namely, reflected also in properties of myoelectric signals recorded on the surface of the skin above the muscle(s) concerned [13] . For instance, during isometric constant force contractions muscle fiber conduction velocity (CV) decreases [14] , mainly related to a decrease in the intracellular pH [15, 16] . Therefore, the evaluation of peripheral fatigue may be obtained by estimating CV slope (i.e., rate of change) during an isometric task [17] , and this procedure is considered the most robust index [18] [19] [20] . Moreover, if the motor unit pool is stable, this variable correlates with fiber size and type [21, 22] .
In ACLr patients, central fatigue has been demonstrated to impair quadriceps activation (e.g., [23, 24] ); however, little is known about the peripheral contributions to muscle fatigue.
Therefore, the purpose of this study was to investigate the behavior of CV, estimated by multichannel sEMG, in two distinct patients groups at different stages after post-operative rehabilitation.
Experimental Section

Participants
Fifty-two subjects (21 women and 31 men; age 29˘10 years, height 174˘8 cm and weight 71˘12 kg) participated in the study and were enrolled according to the presence of ACL injuries and to the time elapsed since surgery (quadrupled hamstrings autografts).
‚
Group CG: 19 subjects with no previous history of knee injury or painful conditions of the lower limb acted as the control group; ‚ Group R12: 10 patients, up to 12 months after ACLr (10˘4 months); ‚ Group R24+: 23 patients, more than 24 months after ACLr (59˘38 months).
All the patients of group R12 and group R24+ completed their rehabilitation program, which lasted about 6 months.
All the subjects were moderately active (ě3 days of moderate trainings per week) according to the International Physical Activity Questionnaire (short form) [25] . The study protocol was approved by the local ethical committee and written informed consent forms were signed prior to participation. All procedures were conducted according to the Declaration of Helsinki.
Experimental Set-Up
The experimental protocol has been previously published [26] : briefly, subjects were positioned on a custom developed ergometer chair ( Figure 1A ) with the knee joint at 60˝of flexion the trunk-thigh angle at approximately 100˝. After two maximal voluntary contractions (MVCs) of 2-3 s separated by a 2-min rest, a low-level isometric contraction (20% MVC) for 90 s and a high-level endurance isometric contraction (60% MVC), separated by a 5-min rest, were recorded. During the 60% MVC subjects were verbally encouraged to keep the force level for as long as possible, until the force value decreased to below 90% of the target. Visual feedback was provided. For each subject, left and right side were randomly presented.
EMG Measurement and Signal Processing
Myoelectric signals were detected from the vastus medialis (VM) muscle in a single-differential configuration, using an adhesive array of 30 electrodes (3 mm diameter, 6ˆ5 grid, 8 mm IED; Spes Medica, Battipaglia, Italy). Adhesive arrays were applied between the distal tendon and the innervation zone, identified with a dry linear array, as has been previously described [27] ( Figure 1B ).
The electromyography (EMG) signals were amplified (EMG-USB2; OT Bioelettronica, Turin, Italy), band-pass filtered (10-750 Hz), sampled at 2048 Hz, and stored on a computer. A custom-developed ergometer (SUPSI; OT Bioelettronica) was used to measure knee torque with a load cell operating linearly in the range 0-1000 Nm. The torque signal was amplified (MISO II; OT Bioelettronica) and stored on a computer with the sEMG data.
CV was estimated using a multichannel algorithm on single differential signals [28] ( Figure 1C ). CV values outside the physiological range (2-8 m/s) were excluded from the analysis. Given that the patients groups included both unilaterally or bilaterally reconstructed ACL, CV was estimated from the most recently operated side. In the CG, CV was estimated arbitrarily from the right side. 1, 193-199 195 Myoelectric signals were detected in single differential configuration, using bidimensional arrays, positioned along the length of the muscles, between the innervation zone and the distal tendon. Channels chosen by visual analysis, for the subsequent conduction velocity (CV) estimation, are indicated by the oval.
Myoelectric signals were detected from the vastus medialis (VM) muscle in a single-differential configuration, using an adhesive array of 30 electrodes (3 mm diameter, 6 × 5 grid, 8 mm IED; Spes Medica, Battipaglia, Italy). Adhesive arrays were applied between the distal tendon and the innervation zone, identified with a dry linear array, as has been previously described [27] ( Figure  1B ). The electromyography (EMG) signals were amplified (EMG-USB2; OT Bioelettronica, Turin, Italy), band-pass filtered (10-750 Hz), sampled at 2048 Hz, and stored on a computer. A custom-developed ergometer (SUPSI; OT Bioelettronica) was used to measure knee torque with a load cell operating linearly in the range 0-1000 Nm. The torque signal was amplified (MISO II; OT Bioelettronica) and stored on a computer with the sEMG data.
CV was estimated using a multichannel algorithm on single differential signals [28] ( Figure 1C ). CV values outside the physiological range (2-8 m/s) were excluded from the analysis. Given that the patients groups included both unilaterally or bilaterally reconstructed ACL, CV was estimated from the most recently operated side. In the CG, CV was estimated arbitrarily from the right side.
Statistical Analysis
Basic descriptive statistics were calculated for absolute MVC torque. An independent samples t-test was run to determine whether there was a statistical difference between mean MVC torques in the three groups, using SPSS (IBM; Armonk, NY, USA). Linear regression over time was applied to CV in order to extract the normalized slopes. Since the data were not normally distributed, a Mann-Whitney U test was used to observe differences in normalized slopes of CV at 20% and 60% MVC in the three groups. Eventually, a one-sample Wilcoxon signed-rank test was run to determine whether CV slopes were different from zero. Statistical significance was set to α = 0.05. Results are reported as median and interquartile range. 
Basic descriptive statistics were calculated for absolute MVC torque. An independent samples t-test was run to determine whether there was a statistical difference between mean MVC torques in the three groups, using SPSS (IBM; Armonk, NY, USA). Linear regression over time was applied to CV in order to extract the normalized slopes. Since the data were not normally distributed, a Mann-Whitney U test was used to observe differences in normalized slopes of CV at 20% and 60% MVC in the three groups. Eventually, a one-sample Wilcoxon signed-rank test was run to determine whether CV slopes were different from zero. Statistical significance was set to α = 0.05. Results are reported as median and interquartile range.
Results
Mean MVC torque for groups CG, R12, and R24+ was 338˘90 Nm, 377˘96 Nm, and 376˘100 Nm, respectively. No statistical differences were observed.
Positive CV slopes were found during the low intensity contraction in the three groups, whereas, during the higher intensity contraction, the CV slopes became negative.
At 20% MVC, we observed a lower CV slope in group R12 (not different from zero, p = 0.93) with respect to the groups CG (p = 0.009) and R24+ (p = 0.05), respectively ( Figure 2) . Interestingly, at 60% MVC, the group R24+ showed a less negative CV slope compared to the CG (p = 0.008) and to the R12 (p = 0.002) groups. At 20% MVC, we observed a lower CV slope in group R12 (not different from zero, p = 0.93) with respect to the groups CG (p = 0.009) and R24+ (p = 0.05), respectively ( Figure 2) . Interestingly, at 60% MVC, the group R24+ showed a less negative CV slope compared to the CG (p = 0.008) and to the R12 (p = 0.002) groups. 
Discussion
In the present study, we observed positive CV slopes in all groups during the 20% MVC contraction, which suggested the absence of significant peripheral fatigue at low force output, in accordance with previous published data [26] . Notably, the R12 group showed a CV slope not significantly different from zero but significantly lower with respect to the CG. This suggests that the knee surgery induced alterations in motor unit (MU) recruitment strategies during low-level contractions, which tended to lessen in the R24+ group. Several studies have demonstrated a fatigue resistance in ACLr patients, attributed to selective atrophy of fast-twitch muscle fibers: McNair and Wood [29] and McHugh and colleagues [30] found lower median and mean frequency during MVC in ACL deficient patients, 4-5 weeks after surgery. A decrease in these spectral parameters primarily reflects a decrease in muscle fiber CV [8] . Moreover, Snyder-Mackler and colleagues [31] found fatigue resistance 4 weeks post-ACLr, attributed to selective atrophy of type IIx fibers during electrically elicited knee extension contractions, set to produce 20% MVC. Therefore, since CV is positively related to the muscle fiber size and type [24] , a possible hypothesis for lower CV slope in group R12 may be linked to an alteration of (higher threshold) MU recruitment strategies. A reduction in the discharge rate of active MUs may also contribute to the observed effect [32] .
During the high level isometric contraction, fatigability of VM was observed in all the groups, especially in the R12 group, probably because type II MUs were inhibited. Moreover, patients of group R24+, which presumably completed their rehabilitation programs and were again active, showed lower fatigability with respect to the other groups. This observation may be also explained as a reduction in the inhibition effect on type II MUs in the long term.
The current study has potential limitations: Firstly, our results should be interpreted with caution, since ACLr patients may show a different range of severity of neuromuscular alterations, according to the extent of joint damage. Furthermore, we did not analyze the behavior of sEMG frequency to assess muscle fatigue; however, since CV is a direct physiological parameter, its use is 
The current study has potential limitations: Firstly, our results should be interpreted with caution, since ACLr patients may show a different range of severity of neuromuscular alterations, according to the extent of joint damage. Furthermore, we did not analyze the behavior of sEMG frequency to assess muscle fatigue; however, since CV is a direct physiological parameter, its use is to be preferred over mean or median spectral frequency, when computed with a multi-channel approach [33] . Lastly, it is important to remark that the cross-sectional design with three distinct groups, does not provide strong evidence for the clinical course of muscle fatigue after ACLr.
Conclusions
This study investigated for the first time the behavior of muscle fiber CV as a descriptor of peripheral fatigue in distinct groups of patients after ACLr. The findings of this study do not suggest an impaired fatigability of the quadriceps muscle during sustained isometric contractions in active patients in the long term. Thus, further studies are needed to verify whether muscle fatigue caused by ACL injury and reconstruction may be linked to a temporary alteration in MU recruitment strategies. Acknowledgments: This study was supported by the Yellow P Foundation, Switzerland and by the Thim van der Laan Foundation, Switzerland.
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